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Although  the  critical  property  of  laser  windows  is  the  optical  absorption, 
other  parameters  are  necessary  to  the  selection  of  the  appropriate  window 
material.  Theoretical  criteria  developed  by  Horrigan  and  Bendow  require  a 
knowledge  of  the  elastic  properties  of  the  material.  In  particular.  Young's 
modulus  and  Poissor. ‘s  ratio  are  an  integral  part  of  these  criteria  and  are  alv 
a prerequisite  for  any  engineering  design.  Unfortunately,  in  many  cases,  the 
elastic  constants  of  the  materials  are  not  available  and  when  available  are 
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either  for  single  crystals  or  are  of  douhtful  validity. 

In  this  work  elastic  constants  of  some  infrared  window  materials  were  calculated 
from  ultrasonic  measurements  using  a pulse  overlap  technique.  Velocity  measure- 
ments were  determined  in  various  directions  in  CVD  zinc  selenide  and  in  hot  forg- 
ed KC1  alloy  windows.  These  measurements  permitted  the  determination  of  Young's 
Modulus,  the  shear  modulus,  the  bulk  modulus,  and  Poisson's  ratio.  Some  anistro- 
py  was  found  in  the  elastic  properties  of  these  fabricated  or  "as-grown"  in-  . 
frared  windows.  For  example,  in  the  case  of  the  chemically  vapor  deposited  ZnSe  | 
which  exhibits  a small  amount  of  elastic  anistropy,  the  elastic  properties  were 
found  to  be  isotropic  in  all  directions  normal  to  the  growth  direction.  The 
modulus  values  observed  for  directions  in  the  plane  of  the  zinc  selenide  window 
were  found  to  change  by  approx ’mately  two  percent  when  measured  in  directions 
parallel  to  the  plate  growth  direction. 

The  experimental  results  obtained  were,  in  some  cases,  compared  with  various 
calculation  approximations  which  yield  polycrystalline  elasticity  parameters 
from  single  crystal  data. 
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Abstract 

Although  the  critical  property  of  laser  windows  is  the 
optical  absorption,,  other  parameters  are  necessary  to  the  selec- 
tion of  the  appropriate  window  material.  Theoretical  criteria 
developed  by  Horrigan  and  Sendow  require  a knowledge  of  the 
elastic  properties  of  the  material.  In  particular.  Young's  Mod- 
ulus and  Poisson's  ratio  are  an  integral  part  of  these  criteria 
and  are  also  a prerequisite  for  any  engineering  design.  Unfor- 
tunately, in  many  cases,  the  elastic  constants  of  the  materials 
are  not  available  and  when  available  are  either  for  single  crys- 
tals or  are  of  doubtful  validity. 

In  this  work  elastic  constants  of  some  infrared  window 
materials  were  calculated  from  ultrasonic  measurements  using  a 
pulse  overlap  technique.  Velocity  measurements  were  determined 
in  various  directions  in  CVD  zinc  selenide  and  in  hot  forged  KC1 
alloy  windows.  These  measurements  permitted  the  determination 
of  Young's  Modulus,  the  shear  modulus,  the  bulk  modulus,  and 
Poisson's  ratio.  Some  anisotropy  was  found  in  the  elastic  prop- 
erties of  these  fabricated  or  "as-grown"  infrared  windows.  For 
example,  in  the  case  of  the  chemically  vapor  deposited  ZnSe 
which  exhibits  a small  amount  of  elastic  anisotropy,  the  elastic 
properties  were  found  to  be  isotropic  in  all  directions  normal 
to  the  growth  direction.  The  modulus  values  observed  for  direc- 
tions in  the  plane  of  the  zinc  selenide  window  were  found  to 
change  by  approximately  two  percent  when  measured  in  directions 
parallel  to  the  plate  growth  direction. 

The  experimental  results  obtained  were,  in  some  cases, 
compared  with  various  calculation  approximations  which  yield 
polycrystalline  elasticity  parameters  from  single  crystal  data. 
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INTRODUCTION 


The  appreciation  that  materials  to  be  used  in  high  en- 
ergy laser  optics  must  represent  a compromise  of  a variety  of 
materials  properties  was  recognized  early  in  the  development  of 
window  materials  appropriate  for  the  10.6um  lasers.  Theoretical 
criteria  developed  for  window  materials  selection  by  Sparks  (1_) , 
Horrigan  (2)  and  Bendow  (3)  include  not  only  the  absorption  at 
the  relevant  wavelength  but  also  elasto-optic , mechanical 
strength  terms  and  the  thermal  properties  of  the  materials. 

These  theoretical  criteria  are  usually  embodied  in  figures  of 
merit.  The  variety  of  figures  of  merit  reflect  models  based  on 
either  different  failure  modes  and/or  different  operating  condi- 
tions. Table  1,  from  Horrigan  (2^)  , illustrates  the  variety  of 
such  figures  of  merit  assuming  bulk  absorption  only.  In  those 
instances  where  some  optical  distortion  can  be  tolerated,  frac- 
ture becomes  the  limiting  factor,  and  it  is  desirable  to  select 
materials  with  a high  critical  failure  stress,  oc.  Although  oc 
is  not  explicitly  included  in  those  figures  of  merit  which  re- 
gard optical  distortion  as  the  limiting  factor,  the  yield 
strength  is  also  an  important  parameter  in  that  distortions  be- 
yond the  elastic  limit  induce  permanent  optical  distortion. 

Thus  the  emphasis  over  the  past  few  years  has  been  di- 
rected towards  improving  o_,  the  critical  failure  stress  and 
yield  strengths  by  a variety  of  techniques  such  as  pressure  in- 
duced recrystallization  (4,5),  alloying  (6),  casting  (7),  etc. 
in  which  polycrystalline  aggregates  are  developed  to  provide  the 
desired  strength  and  dimensions.  Little  emphasis  has  been  given 
to  considerations  of  the  elasto-mechanical  properties  such  as 
Young's  Modulus,  E,  and  Poisson's  ratio,  o.  These  parameters 
are  explicitly  involved  in  all  figures  of  merit  criteria,  re- 
gardless of  whether  they  are  based  on  fracture  criteria  or  opti- 
cal distortion  criteria.  Perhaps  their  most  important  role  in 
materials  selection  or  design  consideration  is  that  they  affect 
these  figures  of  merit  inversely  to  those  of  the  strength  param- 
eters such  as  ac,  the  critical  failure  stress  and  yield 
strengths . 

Window  materials  of  the  cubic  crystalline  class  do  not 
show  anisotropy  in  thermal  expansion  coefficients  or  refractive 
index,  which  can  be  described  in  terms  of  second  rank  tensors 
(8),  but  other  properties  involving  the  moduli  of  elasticity  re- 
quire fourth  rank  tensors  for  their  complete  description.  Thus 
for  cubic  crystals  the  expression  for  Young's  modulus,  E, 

1/E  = Sn  - 2 ISjj*Sj2~0. 5S44)  x + ili3  * £2£3^ 

where  Sjj  are  the  elastic  compliances  and  the  are  the  direc- 
tion cosines  of  the  stress  axis  with  the  cubic  crystallographic 


A 


axes,  illustrates  that  even  for  single  crystal  cubic  materials 
there  are  variations  in  the  modulus  with  crystalline  direction. 
Hence,  the  maximum  modulus  value  is  in  the  <111>  direction  and 
the  minimum  value  is  in  the  <100>  direction.  Any  property  which 
exhibits  anisotropy  in  a single  crystal  will  consequently  be 
anisotropic  in  a non- randomly  oriented  polycrystalline  aggregate. 
Polycrystalline  windows  are  known  to  exhibit  texture  by  virtue 
of  the  processing  procedures  (9)  and  thus  should  show  (elastic) 
anisotropy. 

In  this  paper  we  report  on  elastic  moduli  measurements 
in  some  polycrystalline  laser  window  materials.  For  the  poly- 
crystalline samples  studied  one  can  correlate  the  elastic  moduli 
with  the  texture  properties  resulting  from  the  fabrication 
methods . 


It  is  also  shown  that  the  as -measured  properties  of 
polycrystalline  aggregates  may  differ  significantly  from  those 
calculated  by  any  of  the  accepted  averaging  methods  utilizing 
single  crystal  parameters. 

2 . EXPERIMENTAL  METHODS 


The  velocity  of  5MHz  waves  (shear  and  longitudinal) 
traveling  through  the  specimen  were  measured  by  the  pulse-echo- 
overlap  method.  This  method  (1_0,11)  is  a highly  accurate  pro- 
cess for  measuring  the  velocity  “oT~ultrasonic  waves  in  mater- 
ials. The  absolute  accuracy  arises  from  the  fact  that  the 
method  is  capable  of  precisely  measuring  the  time  from  any  cycle 
of  one  echo  to  the  corresponding  cycle  of  the  next  echo.  In  the 
present  work  the  pulse  overlap  method  was  operated  with  broad 
band  pulses  which  insure  that  the  proper  overlap  can  be  unambig- 
uously obtained  within  the  broad  band. 

A block  diagram  of  the  equipment  for  the  pulse-echo 
measurements  with  broad  band  pulses  is  shown  in  cigure  1.  The 
principle  of  the  measurement  is  to  overlap  the  two  signals  of 
interest  on  the  oscilloscope  by  driving  the  x-axis  with  a fre- 
quency whose  period  is  the  travel  time  between  these  two  sig- 
nals. Each  of  the  two  signals  appears  on  alternating  sweeps  of 
the  oscilloscope.  The  x-axis  sweep  frequency  is  supplied  by  a 
continuous  wave  (CW)  oscillator.  Overlap  of  the  two  echoes  on 
the  oscilloscope  screen  is  achieved  by  adjusting  the  CW  fre- 
quency which  is  then  counted  by  a frequency  counter  and  the 
travel  time  between  the  pulses  is  obtained  as  the  reciprocal  of 
this  value.  From  a knowledge  of  transit  times  and  specimen  di- 
mensions, velocities  can  then  be  calculated. 

The  samples  used  in  this  study  were  paral lelpipeds  cut 
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from  "as- fabricated"  or  "as-grown"  specimens  of  various  window 
materials  supplied  by  the  Air  Force  Weapons  Laboratory.  All  ma- 
terials were  polycrystalline.  Six  faces  of  each  specimen  were 
polished  with  each  set  of  opposite  faces  polished  parallel  to 
±.  0.0002  inch.  Most  specimens  were  approximately  3/4  inch  by 
3/4  inch  by  the  supplied  thickness  which  was  somewhat  reduced  by 
the  grinding  and  polishing  operations  employed.  Pre-packaged 
wear- face  5 MHz  transducers  were  coupled  to  each  face  and  the 
velocity  of  the  broad  band  wave  was  measured.  In  order  to  cal- 
culate the  various  elastic  constants  in  these  polycrystalline 
samples,  both  longitudinal  and  shear  wave  velocities  must  be 
measured.  From  the  measured  wave  velocity  values,  dynamic  val- 
ues for  Young's  Modulus,  E;  the  shear  modulus,  G;  the  bulk  modu- 
lus, K;  and  Poisson's  ratio,  o,  can  be  calculated  using  the  fol- 
lowing relations  (12) : 


E 


3vJ-4v 


2 

S 


v|-v> 


G - pv* 


K - p/3(3v|-4v’) 


where  p is  the  density  of  the  material,  v is  the  shear  wave 
velocity  and  v,  is  the  longitudinal  wave  velocity.  Figure  2 
schematically  depicts  the  ultrasonic  wave  modes  employed  in 
these  measurements. 


The  densities  of  the  specimens  of  the  various  ater- 
ials  were  experimentally  determined  using  standard  precision 
weighing  techniques.  In  this  work,  the  density  was  calculated 
from  weight  measurements  of  each  specimen  both  in  air  and  in 
isopropyl  alcohol. 

Certain  small  errors  are  introduced  in  this  experimen- 
tal measurement  of  elastic  constants.  In  order  to  minimize 
transducer- to- specimen  error  the  relative  surface  area  ratio 
should  be  approximately  1/2  or  less.  This  is  not  always  possi- 
ble depending  on  the  final  geometry  of  the  PIR  processed  or  CVD 
grown  window  materials.  The  wear- face  transducer  employed  may 
* 

With  the  exception  of  the  ZnSe  (grown  by  Raytheon  Mfg.  Co.  us- 
ing CVD  methods),  the  AFWL  materials  were  processed  by  PIR  or 
Hot  Forging  techniques. 


introduce  a aaximun  error  of  about  0.11,  Parallelism  of  final 
polished  opposite  specimen  faces  was  held  to  ± 0.0002  which  is 
well  within  the  error  given  above.  Generally,  the  electronic 
errors  are  quite  negligible.  The  overall  accuracy  of  the  method 
can  be  considered  to  be  better  than  O.St  and  in  ideal  cases  one 
can  expect  to  achieve  at  least  0.11  total  error.  The  precision 
of  the  method  is  quite  good  with  reproducible  values  in  much 
better  agreement  than  the  accuracy  limits  given  above. 

In  order  to  obtain  some  measure  of  anisotropy  in  the 
window  specimens,  two  different  polarizations  of  the  shear  waves 
were  used.  In  this  experimental  work  the  shear  wave  directions 
employed  were,  in  each  case,  parallel  to  corresponding  edges  of 
the  parallelpiped.  It  should  be  borne  in  mind  that  these  mea- 
surements may  not  yield  maximum  anisotropy  values  depending  on 
the  geometry  of  the  specimen  with  respect  to  both  the  original 
window  disc  and/or  the  texture  of  the  specimen  microstructure. 

3.  EXPERIMENTAL  RESULTS 

3.1  Zinc  Selenide 

The  main  purpose  of  this  work  was  to  determine  the 
elastic  properties  and  to  measure  the  degree  of  anisotropy  in 
the  elastic  moduli  in  different  directions  in  the  chemically 
vapor  deposited  ZnSe.  The  samples  were  oriented,  prepared  and 
measured  as  shown  in  Figure  3a,  where  the  growth  direction  is  in 
the  z direction.  A summary  of  the  moduli  calculated  from  the 
velocity  of  ultrasonic  waves  (shear  and  longitudinal)  taken  in 
different  directions  is  shown  in  Table  2.  It  should  be  noted 
that  the  sample  shows  essentially  no  anisotropy  for  shear  waves 
propagated  parallel  to  the  growth  direction  (i.e.  in  the  z di- 
rection). More  specifically,  shear  waves  propagated  in  the 
growth  direction  but  polarized  at  90°  to  one  another  travel  at 
the  same  velocity.  When  the  velocities  of  shear  waves  are  mea- 
sured at  right  angles  to  the  growth  direction  there  is  a differ- 
ence in  shear  wave  velocities,  and  thus  elastic  modulus  values, 
for  the  shear  waves  polarized  at  90®  to  each  other.  The  mea- 
sured anisotropy  does  however  display  a symmetry.  The  modulus 
values  calculated  for  the  waves  propagated  in  the  x direction 
(i.e.  perpendicular  to  the  growth  direction)  with  the  shear  wave 
polarized  in  the  z direction  (parallel  to  growth  direction)  are 
very  close  to  the  values  calculated  for  the  waves  propagated  in 
the  y direction  with  the  shear  wave  polarized  in  the  z direc- 
tion. Likewise  the  moduli  calculated  for  shear  waves  polarized 
perpendicularly  to  the  growth  direction  are  very  nearly  equal 
(longitudinal  and  shear  waves  propagated  both  in  the  x and  y di- 
rections in  the  sample). 

The  type  of  anisotropy  observed  may  be  considered  sim- 
ilar to  that  found  in  other  CVD  materials  in  which  one  crystal 


axis  is  preferred  in  the  z direction  but  the  other  axes  have  no 
rotational  symmetry  about  that  direction  (13). 

The  measured  value  obtained  for  Young's  modulus  in  the 
z or  growth  direction  of  the  CVD  zinc  selenide  is  7.4  x 10* 1 
nt/ma  (10.94  x 10‘  psi) . 

Various  methods  have  been  devised  for  calculation  of 
aggregate  or  polycrystalline  values  from  single  crystal  elastic 
constant  data  (.14).  The  measured  values  of  the  various  moduli 
can  be  compared'  with  the  calculated  values  obtained  by  these 
methods.  Such  results  are  shown  in  Table  3.  It  is  seen  that 
the  measured  values  are  bounded  by  the  extremes  of  the  calcula- 
ted values.  Although  such  calculations  do  not  give  accurate 
values  of  the  elastic  moduli,  they  can  nevertheless  be  employed 
to  yield  reasonable  estimates  of  these  quantities  when  no  other 
information  is  available. 

3.2  Alkali  Halides 


Other  laser  window  materials  including  Alqloy  (KC1- 
33  m/o  KBr) , NaCl  and  KC1-5  m/o  KBr,  were  surveyed  in  this 
series  of  experiments.  Samples  of  these  materials  were  cut  from 
hot  forged  (PIR)  plates.  The  accuracy  (and  precision)  of  these 
preliminary  tests  was  not  as  great  as  in  the  ZnSe  measurements 
because  of  the  small  sample  dimensions. 

The  assumed  deformation  direction  was  parallel  with 
the  z axis  of  the  samples  (Figure  3b) . Table  4 shows  a compila- 
tion of  the  calculated  modulus  values  for  Alqloy.  The  sample 
shows  no  anisotropy  between  x and  y polarized  shear  waves  propa- 
gated parallel  to  the  deformation  direction.  This  is  similar  to 
the  vapor  deposited  ZnSe.  The  modulus  values  for  the  directions 
perpendicular  to  the  pressing  direction  yield  moduli  in  very 
close  agreement  to  each  other.  That  is,  the  apparent  anisotropy 
in  this  Alqloy  sample  is  very  small.  No  values  for  a shear  wave 
propagated  in  the  y direction  with  the  shear  polarization  in  the 
z direction  were  measured  because  of  sample  size  limitations. 
Single  crystal  values  for  the  elastic  constants  are  not  avail- 
able for  Alqloy,  and  thus  a comparison  of  measured  values  with 
calculated  values  could  not  be  made. 

The  NaCl  sample  was  also  formed  by  hot  forging  and  the 
sample  orientation  is  similar  to  that  discussed  previously.  The 
modulus  values  calculated  from  measured  wave  velocities  in  NaCl 
are  shown  in  Table  5.  Again  no  anisotropy  is  noted  for  values 
calculated  from  shear  waves  polarized  at  right  angles  to  one 
another  and  propagated  in  the  deformation  direction.  However, 
moduli  calculated  from  shear  wave  velocities  propagated  in  the  x 
and  y directions  (i.e.  perpendicular  to  the  pressing  direction) 
show  anisotropy  between  waves  which  are  polarized  at  right  an- 


gles  to  each  other.  Waves  propagated  in  the  x direction  polar- 
ized in  the  y direction  yield  moduli  close  to  the  moduli  calcu- 
lated fro*  waves  directed  in  the  y direction  polarized  in  the  x 
direction.  Also,  the  waves  directed  in  the  x direction  polar- 
ized in  the  z direction  yield  calculated  moduli  close  to  those 
from  waves  travelling  the  the  y direction  polarized  in  the  z di- 
rection. The  hot  forged  NaCl  thus  has  a symmetry  of  modulus 
values  which  is  similar  to  that  of  vapor  deposited  ZnSe;  the 
amount  of  anisotropy  is,  however,  much  more  exaggerated  in  this 
material. 


Table  6 gives  calculated  bulk  elastic  polycrystalline 
properties  based  on  the  different  averaging  methods  as  in  Sec- 
tion 3.1.  In  this  case,  the  calculated  values  do  not  agree  with 
the  experimentally  obtained  data.  The  latter  yield  values  out- 
side the  calculated  bounds. 

An  alloy  of  KC1-5  m/o  KBr  was  also  tested  with  the  re- 
sults given  in  Table  7.  However,  a great  deal  of  experimental 
difficulty  was  experienced,  primarily  because  of  small  sample 
size.  Consequently,  accuracy  and  precision  were  limited  to 
about  54  in  this  case.  The  orientation  of  the  sample  is  again 
similar  to  that  previously  employed. 

Only  one  shear  wave  polarization  could  be  coupled  into 
each  sample  face  and  thus  no  isotropy  data  for  shear  propagation 
within  a given  direction  could  be  determined.  Within  the  exper- 
imental accuracy  no  anisotropy  between  the  different  direction? 
can  be  assumed. 

Again,  since  these  are  alloy  data,  and  no  single  crys- 
tal data  is  available  for  either  the  Alqloy  or  the  KC1-5  m/o  KBr 
alloys,  comparison  cannot  be  made  with  calculated  polycrystal- 
line data. 

4.  SUMMARY  AND  CONCLUSIONS 


To  summarize  the  data  in  order  to  compare  the  elastic 
properties  of  the  various  window  materials,  average  modulus  val- 
ues in  the  deformation  direction  (or  the  growth  direction  in  the 
ZnSe  case)  are  collected  in  Table  8.  As  pointed  out  in  the  in- 
troduction, the  figures  of  merit  for  window  materials  always 
contain  the  modulus  in  the  denominator.  Thus,  lowering  the  mod- 
ulus produces  a higher  value  for  the  figure  of  merit  (assuming 
constancy  of  other  parameters).  Table  8 shows  the  considerable 
variation  in  elastic  properties  found  in  the  infrared  window  ma- 
terials . 


Values  of  Young's  Modulus,  shear  modulus,  bulk  modu- 
lus, and  Poisson's  ratio  were  determined  for  a number  of  infra- 
red window  materials  using  an  ultrasonic  plused- echo- overlap 
technique  and  are  given  in  Tables  2-8.  The  results  of  these  ex- 


periments  may  be  summarized  as  follows: 

(1)  Some  anisotropy  in  the  elastic  properties  of  CVD 

grown  ZnSe  was  found.  The  anisotropy  of  the  moduli  may  be  con- 
sidered similar  to  that  reported  for  pyrolytic  graphite,  a ma- 
terial grown  by  similar  methods:  namely,  there  is  texture  par- 

allel to  the  growth  direction  with  random  grain  orientation  nor- 
mal to  this  direction. 

(2)  The  Alqloy  (KC1-33  m/o  KBr)  was  found  to  have  low 
values  of  elastic  moduli,  a high  value  of  Poisson's  ratio,  and  a 
very  minor  amount  of  elastic  anisotropy.  Based  on  calculated 
values  of  moduli  for  pure  polycrystalline  KC1  (approximately 
2.4  x 10* 0 nt/m2)  and  the  measured  values  of  KCl-KBr  alloys,  one 
may  conclude  that  additions  of  KBr  to  KC1  result  in  appreciable 
decreases  in  the  elastic  moduli. 

(3)  Polycrystalline  NaCl  exhibits  large  deviations  in  the 
moduli  from  the  calculated  values.  This  result  may  be  due  to 
sample  size. 

(4)  The  experimental  results  obtained  have  shown  that 
polycrystalline  elastic  properties  calculated  from  single  crys- 
tal data  may  yield  reasonable  estimates  for  these  material 
parameters,  but  we  cannot  arbitrarily  accept  such  values,  par- 
ticularly if  significant  texture  is  present. 

It  may  be  emphasized  that,  the  figure  of  merit  criteria 
and  ultimately  the  design  criteria  embody  an  inverse  relation- 
ship between  the  Young's  modulus  and  the  fracture  and/or  yield 
stress.  Consideration  should  be  given  in  the  design  of  process- 
ing procedures  in  order  to  produce  a final  window  texture  which 
would  represent  the  best  compromise  between  the  strength  and 
elastic  parameters. 
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TABLE  2 


* 

Measured  Elastic  Properties  of  CVD  ZnSe 


Direction 
of  Wave 

Propagation 

Direction  of 
Shear  Wave 
Polarization 

Young's  Mod. 
IQ10  nt/m2 

SheaT  Mod. 
1010  nt/m2 

Bulk  Mod. 
1010  nt/.2 

Poisson': 

Ratio 

Z 

X 

7.54 

2.89 

6.49 

0.306 

(growth  dir.) 

Z 

Y 

7.54 

2.88 

6.49 

0.307 

(growth  .dir.) 

X 

Y 

7.46 

2.84 

6.60 

0.312 

X 

Z 

7.61 

2.91 

6.500 

0.305 

Y 

X 

7.45 

2.84 

6.59 

0.311 

Y 

z 

7.61 

2.92 

6.49 

0.304 

TABLE  3 

Calculation  of  Polycrystalline  Elastic  Properties 
of  ZnSe  from  Single  Crystal  Data* 


Young's  Mod. 
1010  nt/m2 

Shear  Mod. 
1010  nt/m2 

Bulk  Mod. 
1010  nt/m2 

Poisson 

Ratio 

Voight 

8.33 

3.29 

5.95 

0.267 

Hashin 

7.76 

3.02 

5.95 

0.283 

Shtrikman 

7.45 

2.88 

5.95 

0.291 

Reuss 

6.80 

2.60 

5.95 

0.310 

Pleasured  density  «■  5.265  gm/cc. 
+ 

Simmons  and  Wang  (14) . 
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Measured  density  = 2.493  gm/cc. 


TABLE  S 


Measured  Elastic  Properties  of  PIR  NaCl* 

Direction 
of  Have 
Propagation 

Direction  of 
Shear  Wave 
Polari ration 

Young's  Mod.  Shear  Mod. 
1010  nt/m2  1010  nt/m2 

Bulk  Mod. 
1010  nt/m2 

Poisson's 

Ratio 

Z 

X 

3.88  1 . 54 

2.61 

0.251 

(deform,  dir.) 

Z 

Y 

3.88  1.55 

2.61 

0.253 

(deform,  dir.) 

X 

Z 

3.51  1.36 

2.77 

0.290 

X 

Y 

3.98  1.61 

2.43 

0.228 

Y 

Z 

3.48  1.35 

2.68 

0.284 

Y 

X 

4.04  1.68 

2.24 

0.200 

TABLE  6 

Calculation  of  Polycrystalline  Elasti 

c Properties 

of  NaCl 

from  Single  Crystal  Data* 

Young's  Mod.  Shear  Mod.  Bulk  Mod. 

1010  nt/m2  1010  nt/m2  1010  nt/m2 

Poisson's 

Ratio 

Voight 

3.76 

1.50 

2.51 

0.250 

Hashin 

3.72 

1.48 

2.51 

0.253 

Shtrikman 

3.7: 

1.48 

2.51 

0.253 

Reuss 

3.67 

1.46 

2.51 

0.256 

Pleasured  density  * 2.168  gm/cc. 

A 

'Simmons  and  Wang(i4). 


TABLE  8 
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